known to vary considerably depending on the cell type and organism studied. Shapes range from the classic Little is known concerning the heterogeneity of mitotextbook oval, to spherical, to elongated worm-like or chondrial shape, size, number, cytoplasmic distribueven branched structures. Lewis and Lewis, using simple tion, and motility in planta. Ultrastructural studies bright field microscopy, were among the first to describe using the electron microscope have shown a variety mitochondrial shape changes and movement (Lewis and of mitochondrial shapes and sizes within fixed cells, Lewis, 1914). Since that time there have been numerous however, it is not possible to dismiss the possibility studies, particularly on animal cells, investigating mitothat any heterogeneity observed resulted from prechondrial polymorphism and behaviour (for a review paration or fixation artefacts. Unambiguous demonsee Tyler, 1992). However, even in these systems many stration of the extent and nature of mitochondrial questions, for example, the mechanisms underlying mitoheterogeneity in vivo necessitates the use of a truly in chondrial movements and whether morphological heterovivo mitochondrial detection system. Green fluogeneity is concomitant with functional heterogeneity, rescent protein is an excellent in vivo marker for gene remain unresolved (Bereiter-Hahn and Voth, 1994). Few expression and protein localization studies. It is parstudies have been conducted on higher plants and thereticularly useful for real-time spatiotemporal analysis fore little is known about morphological polymorphism of intracellular protein targeting and dynamics and as and the dynamics of plant mitochondria. such is an ideal marker for analysing mitochondria in Green fluorescent protein from the jellyfish Aquorea planta. Stably transformed Arabidopsis lines have been victoria has become a very popular reporter protein for generated with GFP targeted to the mitochondria using studies of plant gene expression. Its unique property either of two plant mitochondrial signal sequences in forming a chromophore of three amino acids within from the b-ATPase subunit or the mitochondrial chapits primary structure requiring no co-factors or substrates eronin CPN-60. Mitochondrially targeted GFP, which other than molecular oxygen makes it a perfect marker is easily detectable using an epifluorescent or confocal for in vivo studies senso stricto. In particular, GFP microscope, highlights heterogeneity of mitochondrial is an ideal reporter for monitoring dynamic processes shape, size, position, and dynamic within living plant within a cell or organism. In the past four years GFP has cells.
Introduction yield, and specific mutants have been developed for expression in planta (for a review see Haseloff and Mitochondrial morphology and dynamics have been studied extensively in non-plant eukaryotic cells and are Siemering, 1998) .
Intracellular localization
Using these plant-optimized proteins, GFP has been
Leaves from T3 plants transformed with pBINmgfp5-atpase targeted to four intracellular compartments within the were homogenized in 0.3 M sucrose, 50 mM MOPS pH 7.8, 5
plant cell: endoplasmic reticulum, nucleus, chloroplast, mM MgCl 2 , 2 mM EDTA, 1% (w/v) BSA, 0.6% (w/v) PVP-40, and mitochondria. Previous reports resulting from the and 20 mM cysteine. The post-5000 g supernatant was layered
targeting of GFP to plant mitochondria ( Kohler et al., onto a 38 ml linear 30-50% (w/w) sucrose gradient, centrifuged 1997; Niwa et al., 1999) have concentrated on the successat 100 000 g for 2 h and fractionated into 1.5 ml fractions. Aliquots of each fraction were mixed with Laemmli sample ful targeting and observation of GFP within mitochonbuffer and separated by SDS-PAGE. After Western blotting, dria. No data have been presented on the fascinating immunodetection was carried out using polyclonal antisera insight into mitochondrial morphological heterogeneity raised against GFP (1:100, Clontech), the mitochondrial adenine and dynamics that is possible using this technology.
nucleotide transporter (ANT ) (155000) or mitochondrial HSP-70 (155000). are visible in stem and leaf tissue using epifluorescent microscopy, interference from chloroplast autofluorescthe plasma membrane along with other cytosolic components due to the presence of the large central vacuole ( 3). Within this limited area mitochondria frequently show a clumped distribution. In cells of the hypocotyl, for restricted to a narrow band of cytoplasm appressed to From these observations mitochondria are typically spherical structures of uniform diameter ( Fig. 1B, C ) . However, in certain cell types within the vascular tissue mitochondria range from sausage-shaped ( Fig. 1D) to longer worm-like forms (Fig. 1F ) .
Materials and methods Results
Mitochondria are highly dynamic organelles undergoing rapid movement within the cell. Movements range Within a cell, neighbouring mitochondria are capable of independent movement, one may oscillate or undergo rapid larger scale movements whilst others are static (Fig.  4) . The worm-like mitochondria were observed to be particularly dynamic being in constant motion, undergoing snake-like turning and folding movements (data not shown).
Discussion
Previous studies investigating mitochondrial morphology and behaviour have been hampered by limitations of the available technology. All methods required preparation of the tissue or resulted in damage to it. The earliest studies made use of bright field microscopy, however, contrast was very low and could only be increased by diffraction which limited resolution. Newer observation methods such as phase contrast required relatively high light intensities that were damaging to cells. Prior to GFP the most advanced techniques for the study of mitochondria behaviour in living cells made use of fluorescence chromophores such as rhodamine-123. However, use of rhodamine-123 also involves invasive procedures and thus observations are not free from possible artefacts. In contrast, GFP is a true in vivo marker, its expression allows real time analysis of subcellular events, it is highly stable and relatively non-toxic compared to alternative fluorescent dyes.
Expression studies with wild-type GFP, while successful in some plants, failed in Arabidopsis (Haseloff and Amos, 1995; Hu and Cheng, 1995; Sheen et al., 1995) . Haseloff and Amos were the first to demonstrate efficient expression in Arabidopsis when they discovered that it was necessary to destroy a cryptic intron within the wild-type gfp gene by changing codon usage to create mgfp4 (Haseloff and Amos, 1995) . The highly active version of phenotype. These properties confer several advantages chlorophyll autofluorescence, red. Scale bar=10 mm.
for the screening of bacterial and plant transformants using a long-wavelength UV lamp (Haseloff and example, where only a few chloroplasts are visible, mitoSiemering, 1998). In this study, expression of GFP5 chondria often appear to aggregate around the chloroplast driven by a single CaMV-35S promoter was sufficient for either in clumps or lines (Fig. 1 B, C ) . Mitochondria in easy detection of fluorescence in transformed Arabidopsis tissues using an epifluorescent microscope equipped with Arabidopsis also show heterogeneity in size and shape. DAPI or FITC filter cubes. The ability to use both that the observations from this study of the association of mitochondria with chloroplasts provide another wavelengths is particularly useful for minimizing interference from autofluorescence.
example of this phenomenon. Apart from the exchange of adenine nucleotides, which may be particularly importThe observations of intracellular location and polymorphism of mitochondria described in this paper reflect ant for chloroplasts in the hypocotyl where photophosphorylation may be limited, it is likely that mitochondria those first made in studies using animal cells. Early reports of mitochondrial dislocation, shape changes, fission, and group around chloroplasts due to oxygen and carbon dioxide gradients. The activity of such gradients has been fusion described previously (Lewis and Lewis, 1914) have been followed by more in-depth studies relating mitochoninferred by other authors (Bereiter-Hahn and Voth, 1994) with the suggestion that mitochondria cluster around the drial dynamics to cellular processes. Mitochondria are known to associate with energy-consuming organelles and nucleus to create hypoxia to reduce the risk of free radical attack. It is also possible that the clustering of mitochonstructures; in particular, around the base of sperm flagella (Bawa and Werner, 1988) and other structures of similar dria around chloroplasts establishes gradients of metabolites interchanged between the two. function such as in algal zoospores (Hatano and Ueda, 1988) . Similarly, associations with the nuclear envelope, Mitochondrial polymorphism and motility have also been related to the energy status of the organelle. rough endoplasmic reticulum and plasma membrane have all been described (for a review see Bereiter-Hahn, 1990) .
Mitochondria are considered to exist in one of two conformational states, orthodox or condensed, depending It is assumed that such associations overcome limitations on the diffusion of adenine nucleotides possibly due to on their internal morphology. In the condensed state the intracristal spaces are dilated and the matrix is electron microcompartmentation ( Friedrich, 1985) . It is suggested dense when viewed with the electron microscope.
of these mitochondria, putatively assigned to the orthodox state, results from the presence of a high ATP concentraConversely, in the orthodox state the matrix is expanded tion in the surrounding cytoplasm within these specialized and less dense. Switching between these two states is and highly energetic cells. modulated by the metabolic state of the mitochondria.
Very little is known about the genetic control of plant Injection of ADP into a living cell causes mitochondria mitochondrial development, morphology and number; to adopt a condensed state while ATP causes an orthodox studies in these areas are hampered by hurdles to viewing state (Bereiter-Hahn and Voth, 1993) . Furthermore, in mitochondria in vivo. In contrast, studies on chloroplast the condensed state the mitochondria become immobildevelopment benefit from the greater size of these organized while in the orthodox state they are highly motile. It elles and simple staining procedures (Pyke and Leech, has been reported that variability in mitochondrial shape 1991). Stably transformed Arabidopsis lines expressing and size was particularly apparent in yeast cells where GFP targeted to the mitochondria provide a potentially changes in mitochondrial proliferation occurs in response very useful resource for identifying the physiological and to changing environmental conditions such as oxygen genetic factors controlling mitochondrial shape, size and availability, and carbon source ( Van Der Klei et al., number. For example, mutagenesis of these lines is likely 1994). Changes in the external morphology of mitochonto result in the production of mitochondrial shape, size dria are caused by rearrangement of cristae and likely and number mutants that would be easily identifiable by result from changes in conformational state (Bereiterfluorescence microscopy linked to image analysis. With Hahn, 1990; Tyler, 1992) . It is therefore tempting to the Arabidopsis genome-sequencing project nearing comspeculate that the largely immobile spherical mitochonpletion such a reverse genetics approach would provide a dria shown in Fig. 1A and B were in the condensed state relatively simple route to the cloning of the relevant gene while the sausage-shaped and especially the highly animor genes responsible for the mutant mitochondrial ated worm-like mitochondria ( Fig. 1F and data not phenotypes. shown) were in the orthodox state. As shown in Fig. 1E and F the worm-like mitochondria are found in cells within the vascular parenchyma. Such elongated mito-
